Background and Purpose-To determine the accuracy of susceptibility-weighted MRI (SWI) for the detection of arteriovenous shunting (AVS) in vascular malformations of the brain (BVM). Methods-We retrospectively identified 60 patients who had been evaluated for known or suspected BVM by both SWI and digital subtraction angiography, without intervening treatment, during a 3-year period. SWI images were retrospectively assessed by 2 independent reviewers for the presence of AVS as determined by the presence of signal hyperintensity within a venous structure in the vicinity of the BVM. Discrepancies were resolved by consensus among a panel of 3 neuroradiologists. Accuracy parameters of SWI for the detection of AVS were calculated using digital subtraction angiography as the reference standard. Results-A total of 80 BVM were identified in the 60 patients included in our study. Of the 29 BVM with AVS on digital subtraction angiography, 14 were untreated arteriovenous malformations, 10 were previously treated arteriovenous malformations, and 5 were untreated dural arteriovenous fistulas. Overall, SWI was 93% sensitive and 98% specific for the detection of AVS in BVM, with excellent interobserver agreement (ϭ0.94). In the 14 previously treated arteriovenous malformations, SWI was 100% sensitive and specific for the detection of AVS. In the 28 BVM associated with intracerebral hemorrhage, SWI was 100% sensitive and 96% specific for the detection of AVS. Conclusions-SWI is accurate for the detection of arteriovenous shunting in vascular malformations of the brain and, for some patients, SWI may offer a noninvasive alternative to angiography in screening for or follow-up of treated BVM. (Stroke. 2011;42:87-92.)
S usceptibility-weighted imaging (SWI) is a MRI technique that combines phase and magnitude signal to produce high-resolution images of the cerebral venous system. 1 In SWI images, veins appear hypointense because of deoxyhemoglobin and arteries are hyperintense because of time-offlight effects and lack of T2* effects. 1,2 Therefore, using SWI, it is possible to simultaneously and distinctly evaluate the arterial and venous systems of the brain.
We hypothesized that there would be abnormal hyperintense signal on the SWI images within the veins draining high-flow vascular malformations of the brain (BVM) because of arterialized blood flow in these veins from arteriovenous shunting (AVS). To test this hypothesis, we retrospectively reviewed all the brain MRI studies performed at our institution during a 3-year period that included SWI sequence in patients with either known or suspected BVM and compared the performance of SWI in detecting AVS against the gold standard of catheter digital subtraction angiography (DSA).
Materials and Methods

Patient Selection
The study was approved by our hospital's Institutional Review Board and conducted in compliance with the Health Insurance Portability and Accountability Act. Using our institution's radiology information system search software, we retrospectively identified all patients who underwent a brain MRI study, which included SWI and DSA for evaluation of a known or suspected BVM at our institution during a 3-year period (January 1, 2007-December 31, 2009). Patient exclusion criteria were a time interval between the MRI and DSA examinations Ͼ365 days, or endovascular or surgical treatment for the BVM between the MRI and DSA examinations. Both the MRI and DSA examinations were performed as standard of care procedures at the discretion of the clinical providers.
Image Acquisition
MRI studies were performed on either 1.5-T or 3-T scanners (Symphony 1.5-T and Trio 3-T; Siemens AG) and included a Food and Drug Administration-approved SWI sequence. At 1.5-T, the SWI scanning parameters were: flip angle, 15 degrees; echo time, 40 ms; repetition time, 50 ms; slice thickness, 2 mm; and in-plane resolution of 1ϫ1 mm. At 3-T, the SWI scanning parameters were: flip angle, 15 degrees; echo time, 20 ms; repetition time, 27 ms; slice thickness, 2.0 mm; and in-plane resolution of 0.9ϫ0.9 mm.
Catheter angiography was performed using a biplanar neuroangiographic unit (Axiom Artis; Siemens AG) with transfemoral arterial access, followed by selective catheterization and contrast injection (Optiray 320; Covidien) of the vessels of interest.
Image Analysis
Using the conventional contrast-enhanced MRI and MRA (without inclusion of the SWI sequence), BVM were defined by the presence of enlarged vascular structures within the brain parenchyma or the meninges. Two experienced neuroradiologists, blinded to the results of DSA and clinical characteristics, independently reviewed the SWI sequences after multiplanar reformatting of the original transaxial SWI slices using the Emageon Ultravisual Viewer (Amicas) embedded within our hospital's clinical information system (Clinical Desktop; BJC Healthcare) to assess for the presence of AVS, as determined by the presence of signal hyperintensity within at least 1 venous structure draining the BVM being evaluated. Differences in reader interpretation were resolved by consensus using a panel including an additional board-certified neuroradiologist. Subsequently, the DSA examinations were reviewed in conjunction with an experienced interventional neuroradiologist to correlate the presence of SWI signal hyperintensity within a given venous structure draining the BVM with the presence of AVS within the same structure in the catheter angiogram.
Medical Record Review
Medical records were reviewed for patient age, gender, time interval between MRI and DSA examinations, hemorrhage on initial head CT, and previous surgical or endovascular treatments for BVM.
Statistical Analysis
Statistical analysis was performed using MedCalc 11.1 software package (MedCalc Software; Mariakerke). Interobserver agreement for the presence of AVS on SWI was determined with the statistic. Standard diagnostic accuracy parameters of SWI for the prediction of AVS in BVM were calculated using DSA as the reference standard.
Results
MRI with SWI and DSA was available for 69 patients with known or suspected BVM. Of these, 8 were excluded because of time interval between the MRI and DSA examinations Ͼ365 days, and 1 was excluded because of radiosurgery between the MRI and DSA examinations. Inclusion criteria were met by the remaining 60 patients (32 females and 28 males) with a mean age of 42 years (median, 46.5 years; range, 6 months-81 years). Thirty-five patients underwent MRI in a 1.5-T scanner (58.3%) and 25 underwent MRI in a 3-T scanner (41.7%). The mean time interval between the MRI and DSA examinations was 38 days (median, 3 days; range, 0 -301 days). Twenty-four patients (40%) presented with intracerebral hemorrhage (ICH) on an initial noncontrast CT of the head. A total of 28 BVM were identified in a subanalysis performed on patients presenting with acute ICH. Of these, 3 were ruptured AVM with AVS on DSA, 7 were atypical DVA, and 18 were typical DVA, 12 of which had distinct associated cavernomas.
Results of DSA Examinations
Accuracy of SWI for the Detection of AVS in BVM
Overall, the presence of SWI signal hyperintensity within at least 1 vein draining the BVM was 93% sensitive and 98% specific for the detection of AVS (Table) . There was excellent interobserver agreement for the detection of AVS on SWI, with a statistic of 0.94 (95% confidence interval, 0.92-0.96). In the 14 previously treated AVM, SWI was 100% sensitive and 100% specific for the detection of AVS (Table) , with perfect interobserver agreement ( statisticϭ1.0). In the 28 BVM associated with ICH, SWI was 100% sensitive and 96% specific for the detection of AVS (Table) , also with perfect interobserver agreement (ϭ1.0).
Discussion
BVM can be characterized as either high-flow or low-flow malformations. The high-flow BVM are either pial/parenchymal AVM or dural arteriovenous fistulas and are associated with risk of ICH and nonhemorrhagic complications, 3, 4 such as ischemic steal phenomena, 5 mass effect, 6 or venous hypertension, with resultant focal neurological deficits and/or seizures. [7] [8] [9] High-flow BVM often require surgery, 10, 11 gamma knife radiosurgery, 12 endovascular embolization, or a combination of 2 or more of these techniques. 13, 14 Conversely, low-flow BVM are predominantly DVA without AVS. Although DVA alone do not increase the risk of hemorrhage, they are often associated with cavernomas, AVM indicates arteriovenous malformation; BVM, vascular malformation of the brain; ICH, intracerebral hemorrhage; LR, likelihood ratio; NPV, negative predictive value; PPV, positive predictive value; SWI, susceptibility-weighted imaging.
*All the previously treated BVM were AVM.
which can bleed. [15] [16] [17] [18] It is not always possible to distinctly identify an associated cavernoma in patients with DVA and ICH, wherein the large amounts of blood products can obscure the cavernomas on almost all MRI sequences, particularly the SWI sequences in which there is a blooming artifact from the blood products. This is also evident in our study, in which we could identify distinct associated cavernomas in only 12 of the 18 patients with DVA who presented with hemorrhage. DVA are usually observed without treatment, although associated hemorrhagic cavernomas sometimes may be resected. 19 -21 Accurate differentiation between high-flow and low-flow BVM on neuroimaging is crucial. Most patients with suspected BVM undergo noninvasive evaluation with conventional MRI or MRA, which can reliably differentiate between a typical DVA with a pathognomonic medusa-head appearance from radially oriented small veins converging to a central draining vein and a typical AVM or dural arteriovenous fistulas. However, it is often difficult to differentiate between an atypical DVA with complex vascular anatomy or abnormally prominent normal variant cortical or deep veins and a high-flow BVM with these techniques. [22] [23] [24] [25] These studies also are less reliable in the presence of ICH. 26, 27 Although diagnostic accuracy can be improved by timeresolved MRA with high temporal resolution, this approach is technically difficult. 28, 29 Hence, invasive evaluation with DSA is often required to differentiate between atypical DVA and AVM/arteriovenous fistual and to evaluate for a BVM in the setting of acute ICH.
MRI and MRA also produce suboptimal results in follow-up examinations of patients with treated AVM. 26, 27, 30, 31 Specifically, dilated draining veins or enlarged arteries may appear in the absence of AVS because vessel caliber changes often take time to reverse after elimination of AVS. 28 Likewise, there is often contrast enhancement in the treated AVM nidus from reactive gliosis. 32 SWI offers unique advantages in the detection of AVS, given the intrinsic contrast between hyperintense, rapidly flowing, oxygenated arterial blood and hypointense, slowly flowing, deoxygenated venous blood on this sequence. 33, 34 This unique contrast between arteries and veins is observed regardless of vessel caliber, and SWI does not require intravenous contrast administration or technically demanding dynamic acquisition techniques. Recently, Fujiyama et al 35 utilized SWI measurements to detect quantitative changes in blood oxygenation within the anterior spinal veins after endovascular treatment of spinal dural arteriovenous fistulas. Tsui et al 36 described faint SWI signal hyperintensity within a venous varix in a patient with a cerebral dural arteriovenous fistulas. Saini et al 37 also described other SWI findings in a dural arteriovenous fistulas but did not describe abnormal hyperintensity in a venous structure. However, our study is the first to our knowledge to evaluate the use of SWI in the management of BVM in a large series of patients.
Our results confirm that SWI can reliably detect AVS in both de novo and previously treated high-flow BVM. Given its high negative predictive value, most patients with complex BVM and absent AVS on SWI images may not require further evaluation with DSA. For instance, in 1 of our patients, none of the 13 BVM reported as AVM on conventional contrast-enhanced MRI and MRA showed SWI signal hyperintensity, and all were confirmed to be cortical venous anomalies on subsequent DSA (Figure 1 ). In another patient, an abnormally dilated vessel that had been diagnosed as a benign venous varix on conventional MRI and MRA studies, based primarily on its stability over several years, showed SWI signal hyperintensity within the "varix" and, on a subsequent DSA study, a parenchymal AVM draining into this dilated cortical vein was identified (Figure 2) . Importantly, our study suggests that SWI can differentiate between high-and low-flow BVM in the setting of acute ICH (Figures 3 and 4) . Its excellent negative predictive value may allow us to exclude the presence of a high-flow BVM in patients with ICH and equivocal conventional MRI findings, sparing them from invasive DSA evaluation, whereas patients with AVS on SWI could undergo DSA more urgently to further characterize the high-flow BVM.
SWI was also reliable in excluding residual AVS in patients with previously treated AVM ( Figure 5 ). In these patients, SWI may represent an accurate, noninvasive, alternative technique to repeated follow-up DSA studies for evaluating changes after treatment.
Of note, there was a false-positive SWI study in a patient with DVA and ICH secondary to a cavernoma. We speculate that this may have resulted from imaging when the patient was breathing supplemental oxygen. We have found that when patients using supplemental oxygen are imaged, all the major venous structures demonstrate hyperintense signal because of lower deoxyhemoglobin than usual (Supplemental Figure I available online at http://stroke.ahajournals.org).
There are several limitations to our study. First, our study was retrospective in nature. A prospective study evaluating the accuracy of SWI for the detection of AVS in BVM in a large number of patients is needed. Second, our study does not elucidate the degree of AVS that is required before SWI signal hyperintensity can be identified in a venous structure draining a BVM, which may be particularly crucial in the 
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follow-up of patients with treated AVM/arteriovenous fistual with small residual AVS. Third, the exact contribution of oxygenation vs time-of-flight effects to the abnormal venous SWI signal hyperintensity in the setting of AVS is also unclear and requires further study. However, we did find that even in the presence of signal hyperintensity within venous structures on routine time-of-flight images, if there was no signal hyperintensity within these structures on the SWI sequence, then there was no AVS (Supplemental Figure I) . A prospective comparative study between time-of-flight and SWI for the evaluation of AVS may be useful in this regard.
Conclusion
The presence of SWI signal hyperintensity within the venous structures draining a BVM is an accurate indicator of AVS from an underlying high-flow vascular malformation. Al- 
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though a larger prospective study is needed, our results suggest that, when available, SWI should be included in the MRI protocol for suspected BVM, and that attention should be given to hyperintense signal in venous structures because it is highly correlated with AVS.
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